. Impairment in two-point perception on the chin. Shown are the geometric least-squares means of the impairment ratio with 95% confidence intervals at 1, 3, and 6 mos post-surgery. Sensory thresholds were obtained 1, 3, and 6 mos post-surgery on 89, 89, and 88 people in the sensory re-training group and on 91, 92, and 86 people in the 'opening only' group.
INTRODUCTION
D uring orthognathic surgery, nearly 100% of patients experience trauma to sensory branches of the trigeminal nerve (Westermark et al., 1998; Essick et al., 2001; Teerijoki-Oksa et al., 2003) . With time, sensation and sensory function return in most people, although recovery may not be complete. Non-invasive treatments to expedite the time-course of recovery and its extent are not available. As part of our program to identify new therapies for the rehabilitation of these individuals, we recently conducted a multi-center clinical trial to assess the potential benefit of facial sensory re-training (Phillips et al., in press) . Individuals were randomly assigned to sensory-re-training or 'opening exercise only' groups, and were assessed before surgery and at 1, 3, and 6 mos after surgery. The primary aim of the clinical trial was to determine whether the magnitude and duration of patient-reported burden from altered sensation are lessened when facial sensory re-training exercises are performed in conjunction with standard opening exercises, compared with when the opening exercises are performed alone. Burden was defined by the person's reports of objectionable impressions of numb or unusual sensations, including pain, in the facial, peri-oral, and oral regions.
The re-training exercises initially increased, then lessened, the burden associated with the objectionable impression of negative altered sensations. By 6 mos post-surgery, the likelihood of a person reporting fewer problems or less interference with everyday life related to residual numbness or decreased lip sensitivity was significantly higher in the sensory-re-training group, approximately twice that of the 'opening exercise only' group. The difference between the two groups at each visit was not statistically significant for unusual sensations, although the trend was for the sensory-re-training group to have a higher likelihood of reporting less of a problem by 6 mos post-surgery. In contrast, the two exercise groups did not differ at any post-surgical time in the perceived problems associated with face or mouth pain, which decreased substantially from 1 to 6 mos post-surgery in both groups.
Based on these finding, we hypothesized that re-training reduces the impaired performance on neurosensory tests of tactile function that is commonly observed post-surgically. We undertook the analyses reported in this paper to evaluate this hypothesis and to investigate the mechanisms underlying the treatment benefit provided by sensory re-training. Using procedures that minimized response bias, we obtained thresholds for contact (touch) detection and two-point discrimination, to assess the individuals' tactile and spatial discriminative sensitivities, respectively. We also obtained the two-point perception threshold, a response biasprone measure of spatial sensitivity, to probe the persons' subjective interpretation of tactile stimulation.
ABSTRACT
Nearly 100% of patients experience trauma to the trigeminal nerve during orthognathic surgery, impairing sensation and sensory function on the face. In a recent randomized clinical trial, people who performed sensory re-training exercises reported less difficulty related to residual numbness and decreased lip sensitivity than those who performed standard opening exercises only. We hypothesized that re-training reduces the impaired performance on neurosensory tests of tactile function that is commonly observed postsurgically. We analyzed thresholds for contact detection, two-point discrimination, and two-point perception, obtained during the clinical trial before and at 1, 3, and 6 months after surgery, to assess tactile detection and discriminative sensitivities, and subjective interpretation of tactile stimulation, respectively. Post-surgery, the retrained persons exhibited less impairment, on average, than nonretrained persons only in two-point perception (P < 0.025), suggesting that retrained persons experienced or interpreted the tactile stimuli differently than did non-retrained persons.
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MATERIALS & METHODS

Participants
The data analyzed for this report came from 186 participants enrolled in a multi-center, double-blind, two-arm parallel group, stratified block-randomized controlled clinical trial (Table) (Phillips et al., in press) . Sample size determination for the clinical trial was based on variability estimates of the individuals' responses to questions regarding the burden of orofacial sensory alterations on daily life (Phillips and Bennett, 2000) and is described in Phillips et al. (in press) . Consecutive patients were eligible for enrollment if scheduled after December 1, 2002, for bilateral sagittal split osteotomy (BSSO) to correct severe malocclusion and/or developmental disharmony. Half of the participants were randomized to receive instruction on standard opening exercises only after surgery. The other half were given, in addition, a progressive series of sensory re-training exercises during which the individual systematically touched or stroked the face with a cosmetic brush. Inclusion and exclusion criteria, as well as consent procedures, are described in Phillips et al. (in press ). The two exercise groups were balanced with respect to number of jaws operated (mandible only vs. mandible and maxilla), and whether the person received a genioplasty, an additional surgical procedure on the chin. Written consent (or assent) was obtained in accordance with the policies of the University of North Carolina Biomedical Institutional Review Board.
Exercise Programs and Training
Three time-dependent levels of instruction for the sensory-retraining and opening-only exercise programs were given during training sessions held at 1 wk, 1 mo (4 to 6 wks), and 3 mos after surgery (Phillips et al., in press ). The three levels were designed to challenge patients increasingly in a manner similar to that of the early and late phases of sensory education commonly used after injuries to the hand nerves (Dellon et al., 1974; Dellon, 1988; Waylett-Rendall, 1988; Gregg, 1992) . Specifically, individuals learned to discriminate moving from non-moving touch, the orientation of moving touch, and the direction of moving touch, in turn. The opening-only exercise program was based on current clinical practice at our Institution.
Assessment of Sensory Impairment
Prior to surgery and at 1, 3, and 6 mos following surgery, participants were appointed for data collection visits. Sensory thresholds were estimated on the right and left sides of the chin, areas supplied by the inferior alveolar nerve.
Contact Detection
The contact detection threshold, the minimum force of contact against the skin that is felt, was measured with the use of nylon monofilaments ("Touch Test Sensory Evaluators", Stoelting, 620 Wheat Lane, Wooddale, IL 60191, USA). During each trial, a filament was pressed against the skin during one interval, and no stimulus was applied during a second interval. Participants identified the interval (first or second) during which the filament was delivered. A computer program specified the random sequence of the site to be tested, the random sequence of the interval for stimulus application, the monofilament to be used for each of 30 trials for each site, and predicted the threshold force that would be detected in the correct interval on 75% of the trials (Harvey, 1986) .
Two-point Discrimination
The two-point discrimination threshold, the minimum separation between 2 points for which a person discriminates 2 points from 1 point of contact, was measured by means of the hand-held Diskcriminator TM (Lafayette Instrument Company, PO Box 5729, 3700 Sagamore Parkway North, Lafayette, IN 47904-5729, USA). This instrument consists of 2 disks of miniature probes of 14 different separations between 2 and 15 mm. Two additional custom-built instruments provided separation of 20 and 25 mm. Testing was identical to that for contact detection, with the following exceptions. Two probes were pressed against the skin during 1 interval, and 1 probe during the other interval. Participants identified the interval (first or second) during which 2 probes were applied. The threshold-tracking algorithm specified the separation between the 2 probes to be used on each trial, and predicted the threshold separation that would be detected in the correct interval on 75% of the trials.
Two-point Perception
The two-point perception threshold is the minimum separation between 2 points of skin contact for which a participant perceives 2 rather than 1 point of contact. Testing proceeded as for two-point discrimination, but with the following exceptions: Fifteen trials instead of 30 were conducted at each test site. Each trial consisted of a single interval during which 2 points were pressed against the skin. Participants were instructed to report whether they felt 2 distinct points of contact. The tracking algorithm estimated the separation that was mathematically predicted to result in a twopoint perception on 50% of the trials (Chen et al., 1995; Feldman et al., 1997) .
Statistical Analysis
For each threshold measure at each post-surgery visit, we normalized the log-transformed threshold values of the right and left sides of the chin by subtracting the side-matched logtransformed pre-surgery value to obtain a side-specific impairment ratio. The maximum impairment ratio of the right and left sides at each visit for each of the threshold measures was used as the outcome variable.
A repeated-measures analysis of covariance with an unstructured covariance matrix was performed for each threshold measure, according to a general linear mixed model (Proc Mixed; , 2004) , where Y ijk denotes the value of the threshold measured on participant i in group j at time k, where i = 1 to n; j = re-trained, non-re-trained; and k = 1 mo, 3 mos, 6 mos. The pre-surgery threshold value of the side used in calculation of the maximum impairment ratio served as a covariate. The model also accounted for whether the person received a genioplasty, an additional surgical procedure on the chin, and for whether a Le Fort I procedure (maxillary osteotomy) was performed in addition to the mandibular osteotomy. The level of significance was set at 0.05. The time by exercise group interaction was not statistically significant for any of the threshold measures (P > 0.35), and was removed from the final models. At each postsurgical visit, people in a given group were considered impaired, on average, if the 95% confidence intervals for the mean value did not include '0.0'.
SAS
RESULTS
Contact Detection
Impairment in contact detection decreased significantly over the six-month post-surgery period (P < 0.0001; Fig. 1 ), although persons in both groups remained impaired, on average, throughout the period. The average threshold values for persons at 1, 3, and 6 mos post-surgery were elevated 62.7, 10.2, and 3.4 times the pre-surgical values, respectively. The average impairment on the chin was 1.7 times higher in those who received maxillary surgery in addition to the mandibular surgery (P = 0.027), but was unaffected by the addition of a second mandibular procedure, genioplasty (P = 0.61). No significant differences were observed in the impairment of persons in the two exercise groups (P = 0.16).
Two-point Discrimination
Similar to contact detection, impairment in two-point discrimination decreased over time (P < 0.0001; Fig. 2 ), but persons in both groups were still impaired at 6 mos, on average. The average threshold values for persons at 1, 3, and 6 mos post-surgery were elevated 3.0, 2.0, and 1.7 times the presurgical values, respectively. Average impairment on the chin was 1.31 times higher in those who received maxillary surgery in addition to the mandibular surgery (P < 0.0001), but was unaffected by the addition of a genioplasty procedure (P = 0.91). No significant differences were observed in the impairment of those in the two exercise groups (P = 0.34).
Two-point Perception
The average threshold values for persons at 1, 3, and 6 mos post-surgery were elevated 3.0, 1.8, and 1.4 times the presurgical values, respectively (Fig. 3) . Elevation on the chin was 1.25 times higher, on average, in those who received maxillary surgery in addition to the mandibular surgery (P = 0.0023), but was unaffected by the addition of a genioplasty procedure (P = 0.90). In contrast to two-point perception and contact detection, a significant difference was observed for the two exercise groups (P = 0.025). The thresholds for those who performed opening exercises only were 1.17 times higher, on average, than those of persons who received facial sensory re-training.
DISCUSSION
Sensory re-training has been used extensively in the rehabilitation of persons with transected hand nerves after surgical repair (Dellon et al., 1974; Dellon, 1984 Dellon, , 1988 Imai et al., 1991; Callahan, 1995) . Re-training alters central nervous system organization so that the most functionally useful Figure 1 . Impairment in contact (touch) detection on the chin. Shown are the geometric least-squares means of the impairment ratio with 95% confidence intervals at 1, 3, and 6 mos post-surgery. Sensory thresholds were obtained 1, 3, and 6 mos post-surgery on 89, 89, and 88 people in the sensory re-training group and on 89, 90, and 87 people in the 'opening only' group. Figure 2 . Impairment in two-point discrimination on the chin. Shown are the geometric least-squares means of the impairment ratio with 95% confidence intervals at 1, 3, and 6 mos post-surgery. Sensory thresholds were obtained 1, 3, and 6 mos post-surgery on 89, 89, and 88 people in the sensory re-training group and on 90, 91, and 86 people in the 'opening only' group.
information can be extracted from the impoverished and disordered nerve signals (Florence et al., 2001; Lundborg, 2003) . The aim of such re-training has been to improve patients' manual dexterity and use of the hand, to increase tactile awareness, and to lessen the objectionable impressions of hypoesthesic (numbness), paresthesic (tingling), and dysesthesic (uncomfortable or painful) sensations. Similar goals have been recommended for facial sensory re-training (Gregg, 1992; Meyer and Rath, 2001) , with the caveats that branches of the trigeminal nerve are often crushed or stretched, but are rarely transected, during orthognathic surgery (Fridrich et al., 1995; Westermark et al., 1998) , and that the face and palmar hand serve distinctly different functions (Trulsson and Essick, 1997) .
Among the tests used to evaluate the effectiveness of sensory re-training of the hand has been two-point discrimination, particularly for point stimuli that are moved laterally across the skin (Dellon, 1988; Imai et al., 1991) . However, statistical analyses of the data of the present study did not indicate that sensory re-training improved an individual's ability to discriminate or to detect tactile stimulation on the face, although the mean levels of impairment of the sensory-retrained participants at each post-surgery visit were less than those of participants who were not re-trained. The lack of a significant difference in the two-point discrimination threshold between the two groups might be attributed to the less severe nature of the patients' injuries: The topographic mapping between distinct skin sites and their central nervous system targets were less disrupted in these patients than in those with repaired, transecting injuries of the hand nerves, favoring less impairment of two-point discrimination in orthognathic surgery patients (Van Boven and Johnson, 1994a,b) . Indeed, the thresholds were elevated less than two-fold by 6 mos postsurgery. The finding that contact detection was unaffected by facial sensory re-training is consistent with the hand literature, and with the assumption that the threshold reflects solely the anatomical connectivity of the peripheral innervation (Dellon, 1988; Bell-Krotoski et al., 1993) .
Of particular relevance to the difference in re-trained and non-re-trained patients' difficulty with numbness and loss of lip sensitivity (Phillips et al., in press) was the finding that retrained participants reported feeling 2 distinct points of skin contact at shorter separations than did non-re-trained participants, even at 1 mo post-surgery. This result indicates that the re-trained individuals experienced or interpreted the sensations evoked by the stimuli differently (Johnson et al., 1994) , even though the individuals were no better at discriminating 2 points of contact from 1. One interpretation is that re-trained persons became more critical and introspective in their evaluation of altered sensation, which led to greater acceptance by 6 mos post-surgery. Consistent with this interpretation was the finding that re-trained patients viewed numbness and decreased sensitivity as more problematic early during recovery, but as less problematic later during recovery, than did non-re-trained patients (Phillips et al., in press) .
The difference in the mean impairment in two-point perception between the re-trained and non-re-trained patients approximated in magnitude that observed for those who underwent mandibular and maxillary osteotomies vs. mandibular osteotomies only. However, only for the comparison of the two-jaw and 'mandibular osteotomy only' patients can the difference be attributed to their individual tactile discriminative abilities: Unlike the re-trained and non-retrained groups of patients, the two-jaw and one-jaw groups differed similarly, on average, in two-point discrimination and two-point perception thresholds. That is, those who underwent two-jaw surgery experienced greater sensory impairment in the lower face than those who underwent mandibular procedures only, based on measures of tactile discrimination as well as of tactile detection. To the authors' knowledge, this result has not been reported previously. However, the inferior alveolar nerve might have experienced greater injury during the two-jaw surgery: The surgery, and thus hypotensive anesthesia, lasted longer, and the mandible underwent greater manipulation. In addition, the inferior alveolar nerve might have been traumatized during 2 separate stages of the two-jaw surgery. The mandibular osteotomy cuts were often completed before, but the mandibular osteotomy splits were performed after, the maxillary osteotomy. It is also possible that sensory function of the inferior alveolar nerve was impaired indirectly by the injury of the infra-orbital nerve during the two-jaw surgeries. For example, in animal studies, injury to the inferior alveolar nerve has been shown to alter the activity and excitability of the opposing infra-orbital nerve (Tsuboi et al., 2004) . Moreover, those who undergo mandibular procedures only sometimes report altered sensations on the upper lip (Essick et al., 2001) . Similar effects of injury to the infra-orbital nerve on the inferior alveolar nerve and on sensation on the lower lip are plausible.
